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Mesoscopic systems – small electric circuits working in quantum regime – offer us a unique ex-
perimental stage to explorer quantum transport in a tunable and precise way. The purpose of this
Review is to show how they can contribute to statistical physics. We introduce the significance
of fluctuation, or equivalently noise, as noise measurement enables us to address the fundamental
aspects of a physical system. The significance of the fluctuation theorem (FT) in statistical physics
is noted. We explain what information can be deduced from the current noise measurement in
mesoscopic systems. As an important application of the noise measurement to statistical physics,
we describe our experimental work on the current and current noise in an electron interferometer,
which is the first experimental test of FT in quantum regime. Our attempt will shed new light in
the research field of mesoscopic quantum statistical physics.
I. INTRODUCTION
Mesoscopic systems are very small, typically
micrometer- or nanometer- sized, electric circuits
that are made of metals or semiconductors by using
microfabrication technique [1–3]. The biggest advantage
of studying them lies in the fact that we can conduct
precise experiments in a scale where quantum physics
plays a key role. Actually, many phenomena based
on charge, spin, coherence and many-body effects of
electrons have been demonstrated in various mesoscopic
systems. For example, the wave nature of electrons
can be controlled in electron interferometers such as
Aharonov-Bohm (AB) rings, while the particle nature
of electrons can be tuned in artificial atoms or quan-
tum dots. Since 1980’s, many researchers have been
intensively working to understand and control a variety
of quantum effects, which has greatly contributed to
deepening our understanding of quantum physics and
solid state physics.
Most experimental studies on mesoscopic systems have
been performed by using the conductance measurement.
This is a matter of course, not only because the conduc-
tance is the most basic physical value to characterize the
circuit, but also because the conductance in a mesoscopic
system directly reflects the transmission probability of
the system according to the Landauer formula, as we
explain later. The conductance (or current) is the time-
averaged value; the measured value stands for the average
number of electrons that pass through a given system for
a finite time. On the other hand, the fluctuation of the
current (“current noise”), namely the fluctuation of the
number of electrons passing through the system, conveys
us essentially different information. Theoretically, the
current noise has been regarded as an important topic
in mesoscopic physics and a lot of theoretical work has
been done since early 1990’s [4, 5]. In spite of great the-
oretical interest, there have been a comparatively small
number of experimental studies available in the litera-
tures. One of the reasons is that the noise measurement
is technically difficult when compared to the conventional
conductance measurement. Nevertheless, as we describe
below, the demonstration of the fractional charge in the
fractional quantum Hall regime probed in the noise mea-
surement [6, 7] is widely appreciated. As exemplified by
this work, the noise measurement is unique as it gives
information that would be impossible in other measure-
ment techniques.
These few years, we are interested in noise in meso-
scopic systems and have intensively performed the noise
measurement in various systems, for example, quantum
point contact [8–12], quantum wire [13], electron inter-
ferometer [14–16], quantum dot [17, 18], magnetic tunnel
junction [19–23], spin valve [24], and graphene [25, 26].
In this Review, we discuss that the noise measurement
can reveal the fundamental aspects of physical systems.
Especially, we emphasize its impact on statistical physics.
This Review is organized as follows. First, in Sec. II,
we introduce what is noise (fluctuation) and then explain
“fluctuation theorem” (FT) [27], which plays an impor-
tant role in statistical physics since its discovery in 1990’s.
Second, in Sec. III, we describe the noise in mesoscopic
systems by giving several examples. Third, in Sec. IV,
after discussing FT in mesoscopic transport, we explain
our work on the experimental test of FT in mesoscopic
systems. By applying FT to mesoscopic transport, we
have established non-trivial relations between nonequi-
librium fluctuation and nonlinear response of the system,
which is beyond the well-known fluctuation-dissipation
relations. Finally, in Sec. V, the concluding remarks and
future perspectives are presented.
II. WHAT FLUCTUATION INDICATES
A. Fluctuation-Dissipation (FD) Relations
Very generally, to describe a physical system, we first
investigate how it responds to an external field. For
example, we measure its electric resistance (or conduc-
tance), its magnetization, its dielectric constant, and so
on in order to see the response of the system to the
2electric field and the magnetic field. We are familiar
with Ohm’s law, which tells us that the electric current
through a conductor is proportional to the bias voltage
applied to it.
Now, we discuss that the response of the physical sys-
tem and the fluctuation that resides in it are closely con-
nected. We show the simplest example [28]. Consider
a classical particle that is trapped in a one-dimensional
harmonic potential as shown in Fig. 1 (a). The Hamilto-
nian is given as follows,
H =
1
2
ax2, (1)
where x is coordinate and a > 0. The particle should be
at the origin (x = 0). When the force f is applied to it
as shown in Fig. 1 (b), the Hamiltonian changes to
H =
1
2
ax2 − fx. (2)
The position of the particle is shifted from the origin to
be
〈x〉 =
f
a
. (3)
Here, we define 〈· · ·〉 to represent the expected value of
· · ·. Now even if there is no external field f , the particle
is thermally fluctuating around the origin as shown in
Fig. 1 (a). The amplitude of the fluctuation 〈x2〉 at the
environment temperature T can be calculated as
〈x2〉 =
∫∞
−∞
dxx2e−
1
2
ax2/kBT∫∞
−∞
dxe−
1
2
ax2/kBT
=
kBT
a
= 〈x〉
kBT
f
. (4)
When we define the susceptibility or response coefficient
χ of the particle for the applied force f as 〈x〉 ≡ χf ,
χ =
〈x2〉
kBT
(5)
holds because of Eq. (4). Eq. (5) is called Kirkwood
relation [28]. It suggests that the thermal fluctuation
of the particle 〈x2〉 characterizes how it responds to the
field. This interesting relation is not just a coincidence.
Actually, such a relation indicating “fluctuation tells re-
sponse” is general and is widely seen in many physical
systems. This is called the fluctuation-dissipation (FD)
relations [29].
The FD relations first appeared in Einstein’s Brownian
motion theory in 1905 [30]. He considered the thermal
fluctuation of a particle in liquid, which is subject to
continuous collisions of the surrounding molecules. He
derived the linear relation between the diffusion con-
stant and the mobility of the particle (Einstein’s rela-
tion). Based on his theory, Perrin precisely measured the
Avogadro constant in 1909 and showed that molecules
are real entity [31], for which he was awarded the Nobel
prize in physics in 1926. Einstein’s theory and Perrin’s
FIG. 1. (a) A particle that is trapped in a one-dimensional
harmonic potential. Its position is thermally fluctuating. (b)
The particle position is shifted when the external field f is
applied.
experiment beautifully prove that we can learn profound
essence of nature by carefully observing the fluctuation.
The FD relations are widely seen in various sys-
tems [32–34]. We will discuss another typical exam-
ple, the thermal noise of a resistor [35, 36] below. In
1950’s, such observations were generalized into the linear-
response theory, or so-called Kubo formula [34]. Nowa-
days, this beautiful formalism is established as the most
standard tool for investigating the properties of physical
systems.
B. Fluctuation Theorem (FT)
Although the formalism of the linear-response theory
is powerful, we have to note that it is only applicable
when the system is around the equilibrium or at most
within the linear-response regime. We usually encounter
various phenomena, which are essentially nonequilibrium
and nonlinear, such as light-matter interaction, chemical
reaction, electronic circuit with active components like
transistors, life activity, and so on. Tremendous efforts,
therefore, have been paid in order to overcome the limit of
linear-response theory and to understand nonequilibrium
systems.
One of the most successful outcomes along this direc-
tion is the fluctuation theorem (FT) proposed by Evans,
Cohen, and Morriss in 1993 [27]. As shown in Fig. 2, con-
sider a small system that is coupled to the reservoir. We
assume that there exists flow (particle flow, heat flow,
and so on) between the two, and the entropy in each
system varies with time. While the second law of ther-
modynamics tells that the total entropy should increase,
that of the small system may fluctuate. Based on mi-
croscopic reversibility (“micro reversibility” or detailed
balance), FT exactly links the probabilities of the pro-
duction and consumption of the entropy in the system.
We define the entropy production rate of the small sys-
tem σ(t) and its time-averaged value for a finite time t
as σt ≡
1
t
∫ t
0
dsσ(s). Then the probability P (σt), which
defines the probability of the entropy production rate σt,
3FIG. 2. Schematic view of FT. Consider a small system cou-
pled to the reservoir. There exists flow such as particle flow
or heat flow between the two, and thus the entropy in each
system varies with time. We define the initial entropy of the
small system to be S at time 0 and consider the probability
that it has the entropy of S + tA at a certain time t > 0 and
the probability with the entropy of S − tA at time t (we take
A > 0). These two probabilities are exactly linked according
to Eq. (6).
exactly satisfies the relation [37],
P (σt = A)
P (σt = −A)
= exp(tA). (6)
According to this expression, the entropy should increase
for a long time as the right-hand side of Eq. (6) becomes
large for t → ∞ when A > 0. For a short time, in con-
trast, the entropy can either increase or decrease. Thus,
this representation may be viewed as a quantitative de-
scription of the second law of thermodynamics. Further-
more, Eq. (6) is unique as it strictly connects between the
probability of very rare events with P (σt = −A)≪ 1 and
the most ordinary events with P (σt = A) ∼ 1. FT was
also proven to reproduce the linear-response theory [38],
and the Onsager-Casimir relations [39, 40].
So far, FT has been experimentally addressed in sev-
eral ways [41], for example, in the investigation of the
movement of a single micro particle in a fluid [42], the
noise in a bulk resistor [43], and the electron counting ex-
periment in a quantum dot [44, 45]. While these are the
experiments in the classical regime, there had been no
experimental attempt to investigate whether or not FT
is applicable to situations in the quantum regime. The
purpose of this Review is to explain how to fill this gap.
In 2010, we tackled this issue by using our precise current
noise measurement system [15, 16]. In the next Section,
we discuss the current noise, and then we will come back
to this topic in Sec. IV.
III. CURRENT FLUCTUATION IN
MESOSCOPIC SYSTEMS
A. Current Noise
First of all, we discuss the definition and some basic
properties of the noises. As shown in Fig. 3, consider the
situation that we connect a resistor to a voltage source
and apply a bias voltage V . By using an ammeter, we
precisely monitor the electric current I that flows through
the resistor. Of course, the current has a time-averaged
value 〈I〉 but it also shows a finite fluctuation, or equiv-
alently noise, and usually δI ≡ I − 〈I〉 6= 0. The noise
spectral density S is defined through the mean square of
δI for the band width ∆f ,
S =
〈(δI)2〉
∆f
. (7)
The unit of this value S is [A2/Hz] as is easily seen from
this definition. To examine physical units is instructive.
As the current has the unit of [A] = [C/s], it corresponds
to the number of electrons that pass through the system
for a finite time. On the other hand, as [A2/Hz] = [C2/s],
the current noise amplitude stands for the variance of the
number of electrons that pass through the system for the
corresponding time.
When V = 0, the system is in the equilibrium and
〈I〉 = 0. This, however, does not necessarily mean that
there is no noise. Actually, at finite temperature, there
arises finite noise, so-called “thermal noise” or Johnson-
Nyquist noise, which is expressed as
Sth = 4kBTG, (8)
where G, T , and kB are the conductance of the resistor,
its temperature, and the Boltzmann constant, respec-
tively [35, 36]. G represents a kind of response of the
resistor, as this value quantifies the current that flows
through the resistor when the bias voltage V is applied
(I = GV ). Therefore, Eq. (8) is a typical example of
FIG. 3. Measurement scheme of the current and the current
noise. A constant bias voltage V is applied to a resistor and
the electric current I that flows through it is precisely mon-
itored as a function of time by an ammeter. The current
usually has a finite noise 〈(δI)2〉 around its averaged value
〈I〉.
4the FD relation telling us that the fluctuation tells the
response. This analogy can be seen when we compare
Eq. (5) and Eq. (8).
In 1928, Nyquist elegantly deduced Eq. (8) based on
the second law of thermodynamics [36] to explain the ex-
perimental observation of Johnson [35]. He also pointed
out the relation between this formula and the black-body
radiation. These facts clearly indicate that fundamental
physics underlies noise.
For the case of V 6= 0, namely in the nonequilib-
rium case, the situation totally changes. For simplic-
ity, consider a device that is a thin potential barrier
sandwiched by two metallic leads, such as realized in
metal/insulator/metal junctions or pn junctions. The
electrons can be either transmitted or reflected at the
barrier. Due to such stochastic processes, the current
passing through the device fluctuates inevitably. This
noise, which is called “shot” noise, directly reflects the
granularity of electrons that carry current. In 1918,
Schottky gave the expression of the shot noise as [46]
Sshot = 2e〈I〉. (9)
The reason for this formula can be explained in the fol-
lowing way. The current is expressed as 〈I〉 = e〈Q〉/τ ,
where 〈Q〉/τ is the number of electrons that pass through
the device (Q) averaged over for a finite time τ . We as-
sume that there is no correlation between each tunneling
event passing through the barrier, namely that the tun-
neling process obeys Poisson distribution. Then accord-
ing to the basic property of this distribution, the variance
of the number of the electrons that pass through the bar-
rier equals to the average number of them; 〈(δQ)2〉 ≡
〈(Q − 〈Q〉)2〉 = 〈Q〉. Therefore, the current noise should
satisfy 〈(δI)2〉 = e2〈(δQ)2〉/τ = e2〈Q〉/τ = e〈I〉, which is
nothing but Eq. (9) (note that the factor 2 is customarily
put in Eq. (9) without serious reason).
The functional forms of the equilibrium noise (Eq. (8))
and the nonequilibrium noise (Eq. (9)) are different be-
tween each other. This vividly reflects that the nonequi-
librium properties of the system are different from its
equilibrium ones in a nontrivial way. Especially, we em-
phasize that the elementary charge e does not appear in
the equilibrium but does in the nonequilibrium as seen
in Eq. (9). As a historical remark, the nonequilibrium
noise [46], namely the shot noise was discovered 10 years
earlier than the equilibrium noise [35, 36], which might
signal that our daily life is essentially nonequilibrium.
In the above discussion, we have implicitly assumed
the noise in the low frequency limit, where both Sth and
Sshot are frequency-independent and thus called “white”
noises. In this article, we focus on these two kinds of
noise. In the applied physics research fields, other noises
such as the 1/f noise and the telegraph noise are also
important as these affect the properties of electronic de-
vices [47]. These noises, however, are highly dependent
on the frequency range and are device-dependent and
therefore are difficult to treat quantitatively.
B. Landauer-Bu¨ttiker Framework
Transport in mesoscopic systems has been successfully
treated in the framework of Landauer-Bu¨ttiker formal-
ism [1–3]. The current noise is also possible to be dealt
within this framework [4]. While we do not explain the
theoretical derivation, we briefly summarize the formula
to show the shot noise in mesoscopic systems (Eq. (11))
here. Although it requires several assumptions, this for-
mula has been successfully applied in many experiments
on the current noise in mesoscopic systems. We show
several examples just later in Sec. III C.
First, the well-known Landauer formula for the con-
ductance is described [1–4]. Consider a mesoscopic con-
ductor that consists of n conducting channels, where a
transmission probability of the n-th channel is defined
Tn. The conductance G of the conductor is given by the
following expression,
G =
2e2
h
∑
n
Tn. (10)
This is called Landauer formula. 2e2/h is the conduc-
tance quantum ∼ (12.9 kΩ)−1, twice the reciprocal of
the von Klitzing constant.
When the scale of the energy dependence of Tn is much
larger than both the temperature T and the bias-voltage
V , the noise spectral density S in the low frequency limit
can be expressed as [4, 48, 49]
S = 4kBTG+ 2e〈I〉F
[
coth
(
eV
2kBT
)
−
2kBT
eV
]
. (11)
This is independent of frequency. F is called Fano factor
which is defined as
F ≡
∑
n Tn(1− Tn)∑
n Tn
. (12)
As shown in Fig. 4, Eq. (11) normalized by 4kBTG is
the function of eV/2kBT . As is clear from the figure,
S = Sth = 4kBTG holds for |eV | ≪ 2kBT and S =
Sshot × F for another limit of |eV | ≫ 2kBT . In this
way, the thermal noise and the shot noise are smoothly
connected as a function of eV/2kBT in the Landauer-
Bu¨ttiker framework.
The Fano factor F satisfies F = S/2e〈I〉 for |eV | ≫
2kBT . It tells whether or not the electron transport
is Poissonian. F > 1 and F < 1 correspond to the
super-Poissonian and the sub-Poissonian cases, respec-
tively. Such information is useful because it signals how
correlated electrons are. For F = 1, we can safely say
that each tunneling event is independent of each other.
On the other hand, F > 1 and F < 1 correspond to
electron bunching or anti-bunching, respectively.
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FIG. 4. Dimensionless value of S/4kBTG = 1 +
F (X coth(X) − 1) (Eq. (11)) is plotted as a function of
X ≡ eV/2kBT for F = 0, 0.5, and 1.
C. Examples of Current Noise in Mesoscopic
Transport
Here we show several examples of the current noise
study. First, we show the experimental result of the
quantum point contact (QPC). We show a schematic pic-
ture of the QPC in Fig. 5(a). This is a small conductor
as narrow as the Fermi wave length of electrons. As ex-
plained below, we can electrostatically tune the width of
this narrow path and thus tune the number of conduct-
ing channels and the transmission probability of each
channel. Figure 5(a) shows the simplest case; only a
single conducting channel is formed where the transmis-
sion and reflection probabilities are tuned to be T1 and
1 − T1, respectively. Therefore the conductance is given
by G = 2e
2
h T1 and the Fano factor is F = 1− T1 accord-
ing to Eq. (12). The shot noise theory in the QPC was
intensively studied by several theorists at the early stage
of mesoscopic physics [48–52].
Figure 5(b) shows a scanning electron micro-
scope (SEM) image of the QPC fabricated on the
GaAs/AlGaAs two-dimensional electron gas (2DEG) sys-
tem [9]. The QPC is defined by the two metallic gates
and by changing the voltage applied to these gates (Vg)
the width of the QPC is electrostatically controlled. As
the Fermi wavelength is ∼ 50 nm for an ordinary 2DEG,
to control the number of the conducting channels (n)
and their transmission probability (Tn) is possible in the
QPC. As a result, by sweeping the gate voltage, the
QPC shows the quantized conductance at G = 2e2/h
and G = 4e2/h as shown in Fig. 5(c). This is a beautiful
manifestation of the Landauer formula (Eq. (10)).
Figure 5(d) represents the measured Fano factor as a
function of the conductance G. The black circles show
the result of the analysis of the experimental result based
on Eq. (11) (details of the noise experiments will be de-
scribed later). The dashed curve is the theoretical Fano
factor given by Eq. (12). They satisfactorily agree well
each other. Very importantly, at the quantized conduc-
tance of 2e2/h and 4e2/h, the expected Fano factors are
zero and the observed ones are close to zero as theoreti-
FIG. 5. (a) Schematic picture of the QPC. The simplest case
with a single conducting channel is shown. The transmission
and reflection probabilities are tuned to be T1 and 1 − T1,
respectively. (b) Scanning electron microscope image of the
QPC fabricated on the GaAs/AlGaAs two-dimensional elec-
tron gas (2DEG) system [9]. (c) Conductance of the QPC
as a function of the gate voltage Vg. (d) Fano factor as a
function of the conductance G.
cally predicted [4, 48–52]. This indicates that when there
is a perfectly transmitting channel, no electrons can be
reflected since there are no empty states for them to be
reflected back to, leading to the absence of fluctuations.
Thus this observation is the direct consequence of Pauli
exclusion principle. At the same time, the above obser-
vation (perfect anti-bunching) also guarantees that the
electron transport occurs in a quantum coherent way.
This simple example clearly teaches us the advantage of
the noise measurement in mesoscopic systems.
Recently, we performed a precise Fano factor measure-
ment of the MgO-based magnetic tunnel junction (MTJ)
devices [19–22]. By determining the Fano factor within
1% precision, we established that when the tunneling bar-
rier is very thin, the Fano factor is less than the unity,
namely, the Poissonian value. The suppressed Fano fac-
tor indicates the relevance of the coherent transport even
in the tunnel junction. Actually, our result quantitatively
6supports a “coherent tunneling model” of the MgO-based
MTJs [20, 21] as reproduced by the theory [53].
The most well-known current noise study in meso-
scopic physics is the experiments that proved the rele-
vance of the fractional charge. If the Schottky’s argument
can be applied to the quasi-particle excitation with the
effective charge e∗ 6= e, the shot noise would be expressed
as S = 2e∗〈I〉 after Eq. (9). Actually, relying on this fact,
the researchers successfully demonstrated that the carri-
ers in the fractional quantum Hall regime have the frac-
tional charges of e∗ = e/3 [6, 7]. From the conventional
current (or conductance) measurements, it is impossible
to discuss the nature of the carriers which convey elec-
tric current. The noise measurement, however, enables
us to discriminate between e and e/3. These beautiful
experiments in 1997 gave the direct consequence of the
existence of the fractional charge. Note that the Nobel
Prize in physics was awarded for the fractional quantum
Hall effect in 1998 just after these reports. It is also
worth mentioning that the shot noise due to e∗ = 2e,
namely the Cooper pair, was observed experimentally in
the super-normal junction [54].
More recently, the shot noise serves as an important
tool to probe the quantum many-body effects such as the
Kondo effect. Recent theory predicts an interesting phe-
nomenon; the electron transport through the quantum
dot in the Kondo regime exhibits the electron bunching,
that is, two electrons are simultaneously scattered be-
cause of the Kondo correlation at the quantum dot [55–
60]. This prediction was experimentally addressed by
several groups including us [17, 61, 62] and very recently
we finally confirmed the theoretical prediction quantita-
tively [18]. In this recent work, through a precise shot
noise measurement, we show that the Landauer-Bu¨ttiker
formalism is not sufficient to describe the many-body ef-
fect in the nonequilibrium regime. Such an experimental
attempt may be viewed as a “collision experiment” on a
chip, where the “internal structure” of the exotic Kondo
state is detected by observing how electrons are scattered
by that state.
Entanglement (nonlocal quantum correlation) is a key
concept in quantum information technology research
field. There are several theoretical proposal to create
and detect the entanglement in solid state devices by
means of the shot noise measurement (for example, re-
fer Refs. [63–65]). The central idea is to detect the vi-
olation of Bell’s inequality through the correlation be-
tween the current fluctuations at two spatially separated
points. Towards this direction, two-particle interference
was demonstrated in the Hanbury-Brown-Twiss interfer-
ometer [66]. Several recent experiments along this direc-
tion with single electron emission [67–69] also nicely rely
on the shot noise measurement. While these attempts
have strong analogy with those extensively performed in
quantum optics field, such effort to create and detect
the entanglement in electronic systems would bring us
unique opportunities as the electronic systems have va-
riety of many-body effects that do not exist in photonic
systems.
Many studies on the noise in mesoscopic systems were
reported especially these several years and therefore the
references introduced above constitute only a partial list.
“The noise is the signal” is the title of the article written
by Landauer in 1998 [70]. Although this sounds contra-
dictory, the studies introduced above surely prove that
essential information can be obtained through the noise
measurement.
D. How to Measure Noise
Here we explain some technical aspects of the noise
measurement. The noise measurement in mesoscopic sys-
tems is technically more difficult than the conventional
conductance measurement. We started the development
of the noise measurement technique in 2005 and continue
working on it until now [71–74].
A measurement principle is schematically shown in
Fig. 6 (a). Usually, the mesoscopic devices should be
cooled down below 1 K in order to observe coherent trans-
port. Instead of measuring the current noise spectral den-
sity S, we measure the voltage noise spectral density SV
since voltage amplifiers are more common and easier to
handle than current amplifiers. The time-dependent volt-
age signal across the sample v1(t) is recorded at the dig-
itizer (Dig.) through the amplifier (A1) and is converted
to the voltage spectral density SV via the fast Fourier
transformation (FFT). A typical spectrum is shown in
the right panel of Fig. 6 (a). In the low-frequency limit,
SV ∝ 〈(δv1(t))
2〉, where δv1(t) ≡ v1(t)−〈v1(t)〉. By using
the conductance G of the sample, we get S = G2SV .
Thus, to measure the current noise seems, in princi-
ple, straightforward. However, there are several techni-
cal difficulties. As already shown in Fig. 6 (a), the mea-
sured spectrum usually consists of three contributions.
First, the 1/f contribution is dominant at low frequency,
which comes from the amplifier and the device itself. The
contribution of such 1/f noises is very often not negli-
gible below a few kHz. At higher frequencies, we see
the frequency-independent flat contribution, which con-
sists of two components. The one is the intrinsic white
noise from the device, which we want to measure, and
the other is the external noise such as the amplifier noise
and the noise of the surrounding environment coming
through the measurement cables. Sometimes, these ex-
ternal noises appear as spurious peaks in the spectrum.
At much higher frequencies, the signal is damped due to
the RC-damping effect, which is inevitably caused by the
device resistance and the capacitance between the device
and the other parts, say, the ground. The resistance of
typical mesoscopic conductors is of the order of the in-
verse of the conductance quantum, namely ∼ 10 kΩ and
the measurement band width is reduced below several
ten kHz, because the measurement cables, whose lengths
are determined by the size of the refrigerator, have the
total capacitance of several hundred pF. In this way, the
7FIG. 6. (a) Straightforward setup for the voltage noise mea-
surement of the sample placed in the cold part (typically less
than 1 K) (left) and the expected voltage noise power spec-
tral density (right). The voltage signal v1(t) is recorded at
the digitizer (Dig.) through the amplifier (A1). (b) Setup for
the voltage noise measurement by using the cross-correlation
method (left) and the expected voltage noise power spectral
density, where the spectrum (a) is superposed with a dashed
curve. By virtue of the cross-correlation, the background due
to the extrinsic noise is reduced as shown by the arrow. (c)
Setup for the voltage noise measurement by using LC circuit
to increase the measurement band width. The noise only at a
specific frequency can be measured as indicated by the arrow.
frequency-independent component is often difficult to ob-
tain when the 1/f noise is large, and also, even if we ob-
serve the frequency-independent contribution, it is often
deteriorated by the external noises.
To overcome the above difficulties, we implement the
cross-correlation noise measurement [75, 76]. As shown
in Fig. 6 (b), we use two amplifiers (A1 and A2). The
voltage signals simultaneously detected at A1 and A2
are expressed as v1(t) = vint(t) + v1,ext(t) and v2(t) =
vint(t) + v2,ext(t), respectively. Here vint(t) is the intrin-
sic signal from the device while vi,ext(t) (i = 1, 2) is the
extrinsic signal coming from the amplifiers and the mea-
surement lines for A1 and A2, respectively. At the dig-
itizer, we calculate the cross-correlated spectral density
between the two signals v1(t) and v2(t). By taking the
long-time averaging for this spectral density, we expect
that SV ∝ 〈δv1(t)δv2(t)〉 → 〈(δvint(t))
2〉 as the extrin-
sic signals v1,ext(t) and v2,ext(t) are not correlated each
other. As a result, we obtain the spectrum as shown in
the right panel of Fig. 6 (b). The spectrum is usually
more suitable for the noise analysis than the spectrum
shown in Fig. 6 (a).
The advantage of this cross-correlation method is that
we can use the commercial voltage amplifiers at room
temperature, which have the well-defined stable perfor-
mance if we can choose reliable ones. Thus this method
is often used in mesoscopic field as seen in, for example,
Refs. [7, 24, 75]. However, as this method requires the
long-time averaging to reduce the extrinsic noises, the
measurement is time-consuming. Also, if the 1/f noise
from the sample is non-negligible, the measurement itself
is eventually impossible.
To be essentially free from the 1/f noise, it is necessary
to measure the noise at much higher frequency. To this
end, we use the inductor-capacitor (LC) resonant circuit
by using a home-made cryogenic amplifier as shown in
Fig. 6 (c) [6, 71, 72, 74, 77]. First, the current noise oc-
curring in the device is converted to the voltage noise at
the LC circuit, whose resonant frequency is set around
a few MHz in our case. The purpose of the LC circuit
is to increase the measurement band width. To precisely
obtain the current noise, we often need a long-time av-
eraging, which means that the measurement requires a
lot of time when it is performed at frequency as low as
a few kHz. On the other hand, by using the LC circuit
we can increase the band width from a few kHz to a few
MHz, which indicates that the measurement time can be
one thousandth shorter. At the same time, by increas-
ing the band width in this way, we expect to reduce the
influence of the 1/f noise, say, by one thousandth. The
disadvantage of using this technique, on the other hand,
is that the noise only at a specific frequency can be mea-
sured and the full spectra cannot be obtained. There-
fore, we have to take great care to investigate whether or
not the obtained signal is frequency-dependent compo-
nent by cautiously looking at the temperature- and bias-
dependence of the measured signal.
In order to prevent the rise of the electron temperature
due to the room temperature environment through the
measurement lines, high frequency filters and the thermal
anchors should be used. We are now able to perform the
noise measurement with the electron temperature as low
as 20 mK. Technical details are given in Refs. [71–74, 77].
IV. EXPERIMENTAL TEST OF FLUCTUATION
THEOREM IN QUANTUM REGIME
A. Fluctuation Theorem in Electron Transport
We have discussed the significance of the fluctuation
(or noise) in statistical physics in Sec. II and the inter-
est of the noise measurement in mesoscopic physics in
Sec. III. Now we combine these two and see how the
noise measurement in mesoscopic systems contributes to
8nonequilibrium statistical physics. In this Section, we
discuss the experimental test of the fluctuation theo-
rem (FT). Actually, FT is expected to play an impor-
tant role in understanding transport in mesoscopic sys-
tems [39, 40, 44, 78–86]. First, let us look how FT is
relevant in quantum transport [16, 39, 40].
Consider a two-terminal device. We also assume that
there is no magnetic field. As shown in Fig. 7(a), when
the bias voltage V is applied to the device, the current I
is generated such that it can be expressed as,
I = G1V +
1
2!
G2V
2 +
1
3!
G3V
3 + · · · . (13)
Here, G1 is the conductance, which is exactly the same as
G as we introduced in Eq. (8). If I = G1V is the case, the
system is in the linear regime and the conventional linear
response theory is applicable. However, when |eV | >
kBT holds, the system is in the nonequilibrium regime
and the linear response theory is not applicable. In such
a situation, the higher order coefficients G2, G3, . . . play
a critical role.
Now consider the current noise S. In the same way, as
presented in Fig. 7(b), S is expressed by
S = S0 + S1V +
1
2!
S2V
2 + · · · . (14)
Here S0 is the thermal noise. As we discussed in Eq. (8),
the following FD relation holds;
S0 = 4kBTG1. (15)
This is the relation between the coefficients of the first
term of Eq. (13) and Eq. (14).
Now, it might be tempting to ask whether or not such a
relation as Eq. (15) exists for the coefficient of the higher
order terms. The answer is yes. By using FT, the follow-
ing nontrivial relation was predicted [39],
S1 = 2kBTG2. (16)
This relation connects between the nonlinear response
characterized by G2 and the nonequilibrium fluctuation
characterized by S1. Therefore, it is beyond the FD re-
lation that is only valid in the linear response regime
around the equilibrium.
The reason for this relation can be explained as fol-
lows [16, 39]. FT is the exact relation to connect be-
tween the possibility of the entropy increase and that of
the entropy decrease. A similar relation holds true in
the electron transport. The electron transport occurs in
a “lead-device-lead” system and it can be viewed as an
electron exchange process between the two reservoirs via
the device. When there is a voltage difference V between
the two reservoirs, the difference in the chemical poten-
tial is eV . Electrons go back and forth between the two
reservoirs. Now, consider the probability P (Q) that Q
electrons move from the left lead to the right one. By
using the time-reversal symmetry, the particle number
Noise
V 
S0
S 
S1V 
Current
V 
G1V 
1/2 G2V
2 
I 
(a) (b)
FIG. 7. (a) Current-voltage characteristic as a function of
the bias voltage V . Ohm’s law holds around V = 0, while the
current is nonlinear at high bias regime and the I − V char-
acteristics has a polynomial form of V with finite coefficients
G2, G3, . . . as in Eq. (13). This graph presents the total cur-
rent I , the G1V contribution, and the 1/2!G2V
2 contribution,
in the solid, dashed, and dot-dashed curves, respectively. (b)
The current noise S (shown in the solid curve) is expressed in
a polynomial form of V as in Eq. (14). The FD relation tells
that S(V = 0) = S0 = 4kBTG1.
conservation, and the energy conservation, one can show
the following relation [16, 39, 40],
P (Q)
P (−Q)
= exp
(
eV
kBT
Q
)
. (17)
This is FT in the electron transport.
The relevance between the above FT and the origi-
nal FT described by Eq. (6) is as follows. The original
FT connects the probability of a process and that of the
time-reversed counterpart in terms of the entropy pro-
duction. In electron transport, the entropy production
is related to Joule heating. When Q electrons transmit
from the one reservoir to the other across the potential
difference of eV , the Joule heating of QeV occurs after
they equilibrate with the thermal bath at temperature T .
The corresponding entropy production is QeV/T , which
appears in the right hand side of Eq. (17). This connects
the probability of the Q-electron transfer P (Q) and that
of “−Q”-electron transfer P (−Q) in a similar manner as
in Eq. (6).
Eq. (17) poses a very strong constraint in the electron
exchange process. When there is no potential difference
between the two leads, 〈Q〉 = 0 is expected naturally.
From Eq. (17), P (Q) = P (−Q) holds, telling us that
the possibility that Q electrons move from the left to
the right and the possibility of the opposite case are the
same. This is a matter of course in the equilibrium state.
Interestingly, the FD relation, namely, Eq. (8) or Eq. (15)
is easily deduced from this fact. The current I and the
current noise S are the expectation of the number of elec-
trons and the expectation of the variance of the number
of electrons that are exchanged for a finite time τ , re-
spectively. Therefore, the followings hold.
I
e
=
〈Q〉
τ
, (18)
9and
S
e2
= 2
〈(Q− 〈Q〉)2〉
τ
= 2
〈Q2〉 − 〈Q〉2
τ
. (19)
Now, A ≡ eV/kBT is defined,
〈Q〉 =
∑
Q
QP (Q) = −
∑
Q
QP (Q)e−AQ
= −〈Q〉+A〈Q2〉 −
A2
2!
〈Q3〉+ · · · . (20)
is deduced. Here FT (Eq. (17)) was used. e−AQ was
expanded in a Taylor series with regard to AQ. We also
expand 〈Qn〉 (n = 1, 2 · · ·) in a Taylor series as follows.
〈Qn〉 = 〈Qn〉0 +A〈Q
n〉1 +
A2
2!
〈Qn〉2 + · · · (21)
The coefficients of the term Ak are expressed as
〈Qn〉k (k = 0, 1, 2 · · ·). For example,
I
e
=
〈Q〉
τ
=
1
τ
(〈Q〉0 + 〈Q〉1A+ · · ·) (22)
=
1
τ
(
〈Q〉1
eV
kBT
+ · · ·
)
, (23)
since it is easily proved that 〈Q〉0 = 0 by using Eqs. (20)
and (21). Note that this relation corresponds to the poly-
nomial I = G1V + · · · with G1 = (〈Q〉1/kBT )(e
2/τ).
A similar analysis is performed for Eq. (19) and S0 =
2〈Q2〉0(e
2/τ) is obtained since 〈Q〉0 = 0. By comparing
the coefficients of the first order term in A,
〈Q2〉0 = 2〈Q〉1. (24)
This is exactly the FD relation shown in Eq. (15), or
equivalently Eq. (8). The left hand side is the first or-
der of the fluctuation while the right hand side is the
coefficient to describe the linear response.
In the same way, by considering the coefficients of A2,
we obtain 〈Q2〉1 = 〈Q〉2. This leads to Eq. (16). The-
oretically, not only between G2 and S1, but also among
the other coefficients of the higher order terms (G3, G4 · · ·
and S2, S3 · · ·), numerous relations are deduced system-
atically [39]. However, for the higher order cases, one
has to treat the higher order fluctuations such as 〈(δI)3〉,
〈(δI)4〉, . . .. Experimentally, to measure such higher or-
der fluctuations (namely, higher order cumulants) beyond
the second order one is difficult and therefore in this Re-
view we only focus on the relations Eqs. (15) and (16).
As FT is based on the time-reversal symmetry of the
system, the magnetic field, which affects this symmetry,
should be explicitly treated. Therefore, in the presence
of the magnetic field (B), the probability P (Q,B) should
be considered. In this case, FT is shown to have the
following form [39, 40],
P (Q,B)
P (−Q,−B)
= exp(AQ). (25)
Therefore, we now consider the symmetric and antisym-
metric parts of P (Q,B) in a way such that P±(Q) ≡
P (Q,B)± P (Q,−B). By definition,
P±(Q) = ±P±(−Q)e
AQ (26)
Accordingly, we consider these two coefficients,
GS,A2 (B) ≡ G2(B)±G2(−B) (27)
and
SS,A1 (B) ≡ S1(B)± S1(−B). (28)
Note that take + for S (symmetric) and − for A (an-
tisymmetric). P+ is nothing but P (Q) in the zero-field
case and therefore
SS1 = 2kBTG
S
2 (29)
holds. However, for P−,
SA1 = 6kBTG
A
2 (30)
can be deduced in the same way as above. It is significant
that the symmetric and antisymmetric components have
different numerical factors.
We make a comment on the Onsager-Casimir recipro-
cal relations, which is the fundamental property of the
systems around the equilibrium. In two terminal con-
ductors, the reciprocity results in
G1(B) = G1(−B). (31)
Interestingly, this relation can be derived by using
Eq. (25) [39, 40]. This means that Eq. (25) already
includes this important reciprocity. Of course, in the
nonequilibrium regime, such reciprocity is not necessar-
ily valid. Actually, generally, Gk(B) 6= Gk(−B) (k ≥ 2)
and we will see that GA2 6= 0 in our experiment below.
B. Experiment
Now let us explain our experiment to show the va-
lidity of the above expected relations (Eqs. (16), (29),
and (30)) in the quantum regime. To this end, we used
an electronic interferometer, or Aharonov-Bohm (AB)
ring [87, 88], as a typical mesoscopic conductor. While
other mesoscopic systems, such as a quantum dot or a
quantum wire, can be used for the same purpose, an AB
ring has an advantage in that it is easy to prove that
the coherent transport takes place as signaled by the AB
oscillation.
The AB ring was fabricated by the AFM (atomic force
microscopy) lithography [89]. The AFM lithography en-
ables us to make nano patterning on the semiconductor
surface by the voltage-biased AFM cantilever through
the local oxidization. When this technique is applied to
GaAs/AlGaAs heterostructure 2DEG, the electrons are
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FIG. 8. (a) Atomic force microscope (AFM) image of the AB
ring fabricated by local oxidation using an AFM [89] on a
GaAs/AlGaAs 2DEG. Schematic experimental setup for the
two-terminal current and noise measurements is also given.
(b) Conductance G1 of the ring as a function of B obtained
at Vg = −0.09 V. (c) Corresponding equilibrium noise S0 as
a function of B. G1 and S0 shown in (b) and (c) were si-
multaneously measured. (d) S0 is plotted as a function of G1.
This graph is obtained from (b) and (c) by using the magnetic
field as an internal parameter. The solid line indicates the FD
relation of S0 = 4kBTG1 with T = 125 mK (see Eq. (15)).
depleted beneath the locally oxidized surface. As a re-
sult, precise nanofabrication is realized. We fabricated
an AB ring with the diameter of 460 nm on the 2DEG,
which has the electron density 3.7 × 1011 cm−2 and the
mobility 2.7 × 105 cm2/Vs with the electron mean free
path of 2.7 µm. Figure 8(a) shows the AFM image of
the ring. The 2DEG has a back gate to tune the electron
density. The conductance of the AB ring can be modu-
lated by the back gate voltage Vg and by the magnetic
field B perpendicularly applied to the 2DEG through the
AB effect.
Figure 8(b) shows the conductance, namely G1 of this
conductor, measured at Vg = −0.09 V. As a function
of B, the conductance shows a clear AB oscillation with
an oscillation period of 25 mT. This value agrees the
ring radius of r = 230 nm, as he
1
pir2 = 24.6 mT. The
conductance of the ring ranges between 1.3 and 1.7 in
units of 2e2/h (12.9 kΩ)−1 with typical visibility of ∼
0.13. The presence of electron interferences guarantees
the coherent electron transport in the device.
In the present experiment, we measure the current-
voltage characteristic as well as the noise at each bias
voltage. The noise measurement was performed by com-
bining the cross-correlation technique and the LC reso-
nant circuit method as described in the previous section.
We numerically fit the result of the current and the noise
by using Eqs. (13) and (14). The window for the fitting
was set such that |eV | <∼ 3kBT , because we use FT for
the expansion around A = eV/kBT = 0. In this bias
regime, the noise consists of the thermal noise and the
shot noise. The shot noise is the result of the stochas-
tic processes of the transmission and reflection at the AB
ring as discussed in Sec. III C. Generally, the transmission
probability depends on the electron energy and may be
affected by the electron-electron interaction, which is also
the case in the present AB ring as we see below. While
such a situation is beyond the conventional shot noise
formula Eq. (11) (see the assumption for Eq. (11)), the
present treatment based on FT is still valid. On the other
hand, we treat the coefficients in the Taylor expansion,
which means that we cannot treat a far-from-equilibrium
situation but addresses the crossover from the equilib-
rium to the nonequilibrium around A = eV/kBT = 0.
C. Results and Discussion
We first present the equilibrium noise. Corresponding
to the conductance plot shown in Fig. 8(b), the noise ob-
tained at V = 0 (namely, S0) is plotted as a function of
B in Fig. 8(c). The behavior of S0 follows that of G1
as expected from the FD relation (Eq. (15)). The pro-
portionality between G1 and S0 shown in Fig. 8(d) tells
that S0 = 4kBTG1 holds with the electron temperature
T = 125 mK. In addition to this temperature, we per-
formed the measurement at 300 mK and 450 mK and
confirmed the FD relation at each temperature.
The remarkable observation that should be emphasized
in Figs. 8(b) and (c) is that both the conductance G1 and
the thermal noise S0 are nicely symmetric with regard to
the magnetic field reversal such that G1(B) = G1(−B)
and S0(B) = S0(−B). This is the manifestation of
the Onsager-Casimir relation, which characterizes the re-
sponse of a system around the equilibrium.
When the voltage is applied to the AB ring, the
nonequilibrium noise emerges. An example is shown in
Fig. 9, where the upper and lower panels show the cur-
rent and the current noise as a function of V , respec-
tively. In the upper panel, the raw data of the current
and the component of 1/2G2V
2 that is obtained in the
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FIG. 9. (Upper panel) Example of I-V characteristics, where
1
2
G2V
2 component deduced from the fitting is superposed as
a dashed curve. The data was obtained at the magnetic field
B = 0 T, T = 125 mK, and Vg = 0.04 V. (Lower panel) Cor-
responding S, where the results of the polynomial fitting and
S1V component are superposed by solid and dashed curves,
respectively. The arrow shows that the noise takes its mini-
mum at a finite bias voltage.
numerical fitting are plotted in the left and the right axes,
respectively. There exists small but finite contribution of
G2, reflecting the nonequilibrium nonlinear nature of the
conduction. The lower panel shows the obtained noise
(open circles) with the result of the numerical fitting
(solid curves). Clearly, the noise takes its minimum at
finite bias voltage instead of V = 0. While this would be
expected when S1 is finite, the result gives a nice exam-
ple of negative excess noise, that is the nonequilibrium
noise smaller than the equilibrium one [4, 90].
Now, we investigate the behavior of G2 and S1 as a
function of B, which is shown in the upper and lower
panels of Fig. 10(a), respectively. Note that these data
were obtained simultaneously with the data shown in
Figs. 8(b) and (c). As we mentioned already, G1 and
S0 are symmetric with regard to the magnetic field re-
versal. In contrast, G2 and S1 has no such symmetry. In
other words, the Onsager-Casimir relation does not hold.
It may sound natural, as G2 and S1 characterize the sys-
tem in the nonlinear nonequilibrium regime. However, it
is experimentally significant to see this clear transition
from the equilibrium regime to the nonequilibrium one,
because such a well-defined system allows us to precisely
connect between the two regimes.
What is the microscopic mechanism to break the
Onsager-Casimir reciprocity in the nonlinear transport
regime? Actually this phenomenon was known be-
fore [87, 91–93] and is attributed to electron-electron
interactions in mesoscopic conductors [91, 92]. As the
magnetic field changes, the electronic property inside the
ring and hence G2 and S1 are modulated at finite bias
through the interaction. In the Landauer picture for
non-interacting electrons [4], the transmission probabil-
ity of electrons, which is defined at the equilibrium, is to
obey the Onsager-Casimir reciprocity regardless of ap-
plied bias voltages. Therefore the breaking of this reci-
procity directly indicates that the system behaves in a
nontrivial way in the nonequilibrium regime and that the
transport can no more be explained in the single-particle
picture.
To be more quantitative, in Fig. 10(b), the symmet-
ric component (GS2 (B) and S
S
1 (B)) and the antisymmet-
ric component (GA2 (B) and S
A
1 (B)) of G2 and S1 are
shown in the upper and lower panels, respectively (see
Eqs. (27) and (28)). As discussed above, while the Lan-
dauer picture simply predicts GA2 (B) = 0, we observe
a finite GA2 (B) as large as G
S
2 (B), signaling the signifi-
cant interaction. Moreover, as seen in the upper panel of
Fig. 10(b) the behavior of GS2 and that of S
S
1 follow each
other. This is also the case for the antisymmetric compo-
nent shown in the lower panel of Fig. 10(b). This exper-
imental observation that the nonlinear response strongly
correlates with the nonequilibrium fluctuation supports
the validity of the relations predicted by FT.
FT predicts that SS1 = 2kBTG
S
2 and S
A
1 = 6kBTG
A
2
(Eqs. (29) and (30)). Figures 10(c) and (d) are the plots
of SS1 vs. 2kBTG
S
2 and S
A
1 vs. 6kBTG
A
2 , where the
magnetic field is an internal parameter, respectively. Al-
though the data are slightly scattered, we can see the re-
markable linearity between the two in both graphs. Here,
the dotted lines are the predicted ones. The symmetric
part (Fig. 10(c)) deviates from the theory while the anti-
symmetric part (Fig. 10(c)) is in a better agreement with
the theory.
To make a quantitative comparison between the exper-
imental result and the theory, the Passing-Bablok (PB)
regression, rather than the conventional least-square lin-
ear fitting, is suitable. The reason is because both SS1 and
GS2 (or both S
A
1 and G
A
2 ) have statistical uncertainties.
In such a situation, the PB regression can statistically es-
timate the error bars of the coefficients between the two
values better than the conventional linear fitting. For the
presented data set, the PB regression [94] yields
SS1 = 6.15
+1.01
−0.78 × 2kBTG
S
2 (32)
and
SA1 = 1.68
+0.22
−0.16 × 6kBTG
A
2 , (33)
where the error bars give the 95 % confidence inter-
val. The reason for the observed deviation from the
theory is not yet clear, unfortunately. Nevertheless, it
is important that the higher-order correlation, which is
theoretically predicted, exists with different coefficients
(SA1 /S
S
1 ∼ 0.82 × G
A
2 /G
S
2 ). It is important to add that
the values of SS1 /G
S
2 and S
A
1 /G
A
2 were found to be lin-
early dependent on the temperature [15] as was theoret-
ically expected.
Finally, we mentioned the direct test of the validity of
the microreversibility. The necessary condition for FT
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FIG. 10. (a) Second-order coefficients G2 (upper panel) and
S1 (lower panel) as a function of B. (b) (upper panel) Sym-
metric components GS2 and S
S
1 as a function of B. (lower
panel) Anti-symmetric components GA2 and S
A
1 as a function
of B. (c) SS1 as a function of 2kBTG
S
2 . (d) S
A
1 as a func-
tion of 6kBTG
A
2 . In (c) and (d), the solid line and the dashed
line are the result of the fitting and the theoretical prediction,
respectively.
to hold is the microreversibility or the detailed balance.
Several years ago, it was theoretically suggested that the
microreversibility might not hold in the presence of the
magnetic field [81]. Interestingly, our experimental data
on the anti-symmetric component offers an opportunity
to test this possibility and we proved that the microre-
versibility is maintained within the experimental preci-
sion [16]. It is interesting to see that one can directly
address a fundamental problem in statistical physics by
means of the noise measurement.
V. CONCLUSION AND PERSPECTIVE
In this Review, we overview the research on fluctua-
tion (or noise) and discuss our experiment on FT in the
quantum regime. Our experiment was the first attempt
to tackle this issue. At this moment, we have not yet
fully proven the theorem, but we could show that FT is
semi-quantitatively valid in the description of quantum
transport in mesoscopic systems, which gives the relation
beyond the conventional linear response theory. The sig-
nificance of our work lies in the observation that there
surely exists a relation between the nonlinear response
and the nonequilibrium fluctuation.
In addition, the breaking of the Onsager-Casimir reci-
procity, namely the nonlinear conductance and fluctua-
tion that are not symmetric with regard to the magnetic
field reversal, is definitely nontrivial beyond the Lan-
dauer picture. This fact indicates that FT conveys us
essentially new information on quantum transport. Of
course, this fact does not degrade the Landauer picture,
which has played and is still playing a central role in
mesoscopic transport. The Landauer picture allows us
to treat the transport as quantum scattering problems,
where the conductance is linked with the transmission
probability. On the other hand, the description based
on FT does not give us such a microscopic picture but
the variation of the number of the electrons in the reser-
voirs is correctly taken into account (remember that, in
the Landauer picture, the reservoir can emit and absorb
infinite number of electrons). Therefore, both descrip-
tions are complementary to each other. We believe that
by combining these two pictures, nonequilibrium proper-
ties in mesoscopic systems in the presence of interaction
effects will be further addressed.
By pursuing this research direction, we can experimen-
tally address several fundamental problems associated
with both quantum mechanics and statistical physics,
and will shed new light in nonequilibrium statistical
physics. One could call such research field mesoscopic
nonequilibrium statistical physics. For example, due to
the observation problem peculiar to quantum physics,
the foundation of the linear response theory has been
discussed in 1950’s [95]. Now, however, precise noise
measurements may allow us to experimentally answer
such old important problems. In the classical case, sev-
eral experiments closely related to Maxwell’s demon were
demonstrated as FT has been expanded to include in-
formation [96–98]. Is it possible to make a quantum
Maxwell’s demon? We expect that in near future we
can “observe” the motion of a single electron with quan-
tum coherence maintained and the connection between
quantum fluctuation and FT can be explored. Such an
attempt will serve as bridge between quantum physics,
statistical physics, and thermodynamics.
13
ACKNOWLEDGEMENTS
We greatly thank many collaborators involved in the
experimental works described in this Review. Especially,
for the experiment on FT, we appreciate the fruitful
collaboration with Shuji Nakamura, Yoshiaki Yamauchi,
Masayuki Hashisaka, Kensaku Chida, Teruo Ono, Re-
naud Leturcq, Klaus Ensslin, Keiji Saito, Yasuhiro Ut-
sumi, and Arthur C. Gossard. In addition, Rui Sakano,
Akira Oguri, Sadashige Matsuo, Meydi Ferrier, Tomonori
Arakawa, Takahiro Tanaka, Yoshitaka Nishihara, Tokuro
Hata, and Shota Norimoto are acknowledged for contin-
uous collaboration over several years.
This work was partially supported by a Grant-in-Aid
for Scientific Research (S) (No. 26220711), Grant-in-Aid
for Scientific Research on Innovative Areas “Fluctuation
& Structure” (No. 25103003) and “Topological Mate-
rials Science” (KAKENHI Grant No. 15H05854), and
Yazaki Memorial Foundation for Science and Technol-
ogy. We also acknowledges the stimulating discussions
in the meeting of the Cooperative Research Project of
RIEC, Tohoku University.
[1] Datta, S. (1997). Electronic transport in mesoscopic sys-
tems. Cambridge University Press, New York.
[2] Imry, Y. (2002). Introduction to mesoscopic Physics. Ox-
ford University Press, New York (on Demand).
[3] Ihn, T. (2004). Electronic quantum transport in meso-
scopic semiconductor structures (Vol. 192). Springer,
New York.
[4] Blanter, Y. M. and Bu¨ttiker, M. (2000) Shot noise in
mesoscopic conductors. Physics Reports 336, 1-166.
[5] Beenakker, C. and Scho¨nenberger, C. (2003) Quantum
shot noise. Phys. Today 56, 37-42.
[6] de-Picciotto, R., Reznikov, M., Heiblum, M., Umansky,
V., Bunin, G. and Mahalu, D. (1997) Direct observation
of a fractional charge. Nature 389, 162-164.
[7] Saminadayar, L., Glattli, D., Jin, Y. and Etienne,
B. (1997) Observation of the e/3 fractionally charged
Laughlin quasiparticle. Phys. Rev. Lett. 79, 2526-2529.
[8] Hashisaka, M., Yamauchi, Y., Nakamura, S., Kasai, S.,
Ono, T. and Kobayashi, K. (2008) Bolometric detection
of quantum shot noise in coupled mesoscopic systems.
Phys. Rev. B 78, 241303.
[9] Nakamura, S., Hashisaka, M., Yamauchi, Y., Kasai, S.,
Ono, T. and Kobayashi, K. (2009) Conductance anomaly
and Fano factor reduction in quantum point contacts.
Phys. Rev. B 79, 201308.
[10] Nishihara, Y., Nakamura, S., Kobayashi, K., Ono, T.,
Kohda, M. and Nitta, J. (2012) Shot noise suppression in
InGaAs/InGaAsP quantum channels. Appl. Phys. Lett.
100, 203111.
[11] Kohda, M., Nakamura, S., Nishihara, Y., Kobayashi, K.,
Ono, T., Ohe, J., Tokura, Y., Mineno, T. and Nitta, J.
(2012) Spin-orbit induced electronic spin separation in
semiconductor nanostructures. Nature Comm. 3, 1082.
[12] Muro, T., Nishihara, Y., Norimoto, S., Ferrier, M.,
Arakawa, T., Kobayashi, K., Ihn, T., Ro¨ssler, C., En-
sslin, K., Reichl, C. and Wegscheider, W. (2016) Finite
Shot Noise and Electron Heating at Quantized Conduc-
tance in High-mobility Quantum Point Contacts. Phys.
Rev. B (accepted).
[13] Chida, K., Arakawa, T., Matsuo, S., Nishihara, Y.,
Tanaka, T., Chiba, D., Ono, T., Hata, T., Kobayashi,
K. and Machida, T. (2013) Observation of finite excess
noise in the voltage-biased quantum Hall regime as a pre-
cursor for breakdown. Phys. Rev. B 87, 155313.
[14] Hashisaka, M., Helzel, A., Nakamura, S., Litvin, L.,
Yamauchi, Y., Kobayashi, K., Ono, T., Tranitz, H.-P.,
Wegscheider, W. and Strunk, C. (2010) Temperature de-
pendence of the visibility in an electronic Mach-Zehnder
interferometer. Physica E: Low-dimensional Systems and
Nanostructures 42, 1091-1094.
[15] Nakamura, S., Yamauchi, Y., Hashisaka, M., Chida, K.,
Kobayashi, K., Ono, T., Leturcq, R., Ensslin, K., Saito,
K., Utsumi, Y. and Gossard, A. C. (2010) Nonequilib-
rium fluctuation relations in a quantum coherent con-
ductor. Phys. Rev. Lett. 104, 080602.
[16] Nakamura, S., Yamauchi, Y., Hashisaka, M., Chida, K.,
Kobayashi, K., Ono, T., Leturcq, R., Ensslin, K., Saito,
K., Utsumi, Y. and Gossard, A. C. (2011) Fluctuation
theorem and microreversibility in a quantum coherent
conductor. Phys. Rev. B 83, 155431.
[17] Yamauchi, Y., Sekiguchi, K., Chida, K., Arakawa, T.,
Nakamura, S., Kobayashi, K., Ono, T., Fujii, T. and
Sakano, R. (2011) Evolution of the Kondo effect in a
quantum dot probed by shot noise. Phys. Rev. Lett. 106,
176601.
[18] Ferrier, M., Arakawa, T., Hata, T., Fujiwara, R., Dela-
grange, R., Weil, R., Deblock, R., Sakano, R., Oguri, A.
and Kobayashi, K. (2016) Universality of non-equilibrium
fluctuations in strongly correlated quantum liquids. Na-
ture Phys. 12, 230-235.
[19] Sekiguchi, K., Arakawa, T., Yamauchi, Y., Chida, K.,
Yamada, M., Takahashi, H., Chiba, D., Kobayashi,
K. and Ono, T. (2010) Observation of full shot noise
in CoFeB/MgO/CoFeB-based magnetic tunneling junc-
tions. Appl. Phys. Lett. 96, 252504.
[20] Arakawa, T., Sekiguchi, K., Nakamura, S., Chida, K.,
Nishihara, Y., Chiba, D., Kobayashi, K., Fukushima, A.,
Yuasa, S. and Ono, T. (2011) Sub-Poissonian shot noise
in CoFeB/MgO/CoFeB-based magnetic tunneling junc-
tions. Appl. Phys. Lett. 98, 202103.
[21] Arakawa, T., Tanaka, T., Chida, K., Matsuo, S., Nishi-
hara, Y., Chiba, D., Kobayashi, K., Ono, T., Fukushima,
A. and Yuasa, S. (2012) Low-frequency and shot noises
in CoFeB/MgO/CoFeB magnetic tunneling junctions.
Phys. Rev. B 86, 224423.
[22] Tanaka, T., Arakawa, T., Chida, K., Nishihara, Y.,
Chiba, D., Kobayashi, K., Ono, T., Sukegawa, H., Kasai,
S. and Mitani, S. (2012) Signature of Coherent Transport
in Epitaxial Spinel-Based Magnetic Tunnel Junctions
Probed by Shot Noise Measurement. Applied Physics Ex-
press 5, 053003.
[23] Tanaka, T., Arakawa, T., Maeda, M., Kobayashi, K.,
Nishihara, Y., Ono, T., Nozaki, T., Fukushima, A. and
Yuasa, S. (2014) Leak current estimated from the shot
14
noise in magnetic tunneling junctions. Appl. Phys. Lett.
105, 042405.
[24] Arakawa, T., Shiogai, J., Ciorga, M., Utz, M., Schuh, D.,
Kohda, M., Nitta, J., Bougeard, D., Weiss, D., Ono, T.
and Kobayashi, K. (2015) Shot noise induced by nonequi-
librium spin accumulation. Phys. Rev. Lett. 114, 016601.
[25] Matsuo, S., Takeshita, S., Tanaka, T., Nakaharai, S.,
Tsukagoshi, K., Moriyama, T., Ono, T. and Kobayashi,
K. (2015) Edge mixing dynamics in graphene p-n junc-
tions in the quantumHall regime. Nature Comm. 6, 8066.
[26] Takeshita, S., Matsuo, S., Tanaka, T., Nakaharai, S.,
Tsukagoshi, K., Moriyama, T., Ono, T., Arakawa, T.
and Kobayashi, K. (2016) Anomalous behavior of 1/f
noise in graphene near the charge neutrality point. Appl.
Phys. Lett. 108, 103106.
[27] Evans, D. J., Cohen, E. G. and Morriss, G. P. (1993)
Probability of second law violations in shearing steady
states. Phys. Rev. Lett. 71, 2401-2404.
[28] Kirkwood, J. G. (1946) The Statistical Mechanical The-
ory of Transport Processes I. General Theory. The Jour-
nal of Chemical Physics 14, 180-201.
[29] Kubo, R. (1966) The fluctuation-dissipation theorem.
Rep. Prog. Phys. 29, 255-284.
[30] Einstein, A. (1905) U¨ber die von der molekularkinetis-
chen Theorie der Wa¨rme geforderte Bewegung von in
ruhenden Flu¨ssigkeiten suspendierten Teilchen. Ann. der
Phys. 322, 549-560.
[31] Perrin, J. (1910). Brownian movement and molecular re-
ality: Taylor and Francis, London.
[32] Callen, H. B. and Welton, T. A. (1951) Irreversibility and
Generalized Noise. Phys. Rev. 83, 34-40.
[33] Green, M. S. (1954) Markoff Random Processes and the
Statistical Mechanics of Time-Dependent Phenomena. II.
Irreversible Processes in Fluids. The Journal of Chemical
Physics 22, 398-413.
[34] Kubo, R. (1957) Statistical-Mechanical Theory of Irre-
versible Processes. I. General Theory and Simple Appli-
cations to Magnetic and Conduction Problems. J. Phys.
Soc. Jpn. 12, 570-586.
[35] Johnson, J. B. (1928) Thermal Agitation of Electricity in
Conductors. Phys. Rev. 32, 97-109.
[36] Nyquist, H. (1928) Thermal Agitation of Electric Charge
in Conductors. Phys. Rev. 32, 110-113.
[37] Evans, D. J. and Searles, D. J. (2002) The Fluctuation
Theorem. Adv. Phys. 51, 1529-1585.
[38] Gallavotti, G. (1996) Extension of Onsager’s Reciprocity
to Large Fields and the Chaotic Hypothesis. Phys. Rev.
Lett. 77, 4334-4337.
[39] Saito, K. and Utsumi, Y. (2008) Symmetry in full count-
ing statistics, fluctuation theorem, and relations among
nonlinear transport coefficients in the presence of a mag-
netic field. Phys. Rev. B 78, 115429.
[40] Utsumi, Y. and Saito, K. (2009) Fluctuation theorem
in a quantum-dot Aharonov-Bohm interferometer. Phys.
Rev. B 79, 235311.
[41] Bustamante, C., Liphardt, J. and Ritort, F. (2005) The
nonequilibrium thermodynamics of small systems. Phys.
Today 58, 43-48.
[42] Wang, G. M., Sevick, E. M., Mittag, E., Searles, D. J. and
Evans, D. J. (2002) Experimental demonstration of viola-
tions of the second law of thermodynamics for small sys-
tems and short time scales. Phys. Rev. Lett. 89, 050601.
[43] Garnier, N. and Ciliberto, S. (2005) Nonequilibrium fluc-
tuations in a resistor. Phys Rev E 71, 060101.
[44] Utsumi, Y., Golubev, D. S., Marthaler, M., Saito, K.,
Fujisawa, T. and Schon, G. (2010) Bidirectional single-
electron counting and the fluctuation theorem. Phys.
Rev. B 81, 125331.
[45] Ku¨ng, B., Ro¨ssler, C., Beck, M., Marthaler, M., Gol-
ubev, D. S., Utsumi, Y., Ihn, T. and Ensslin, K. (2012)
Irreversibility on the Level of Single-Electron Tunneling.
Physical Review X 2, 011001.
[46] Schottky, W. (1918) U¨ber spontane Stromschwankungen
in verschiedenen Elektrizitatsleitern. Ann. der Phys. 362,
541-567.
[47] Dutta, P. and Horn, P. M. (1981) Low-frequency fluctu-
ations in solids: 1/f noise. Rev. Mod. Phys. 53, 497-516.
[48] Bu¨ttiker, M. (1990) Scattering theory of thermal and ex-
cess noise in open conductors. Phys. Rev. Lett. 65, 2901-
2904.
[49] Bu¨ttiker, M. (1992) Scattering theory of current and in-
tensity noise correlations in conductors and wave guides.
Phys. Rev. B 46, 12485-12507.
[50] Lesovik, G. B. (1989) Excess quantum noise in 2D bal-
listic point contacts. JETP Letters 49, 592.
[51] Yurke, B. and Kochanski, G. P. (1990) Momentum noise
in vacuum tunneling transducers. Phys. Rev. B 41, 8184-
8194.
[52] Martin, T. and Landauer, R. (1992) Wave-packet ap-
proach to noise in multichannel mesoscopic systems.
Phys. Rev. B 45, 1742-1755.
[53] Liu, K., Xia, K. and Bauer, G. E. W. (2012) Shot noise
in magnetic tunnel junctions from first principles. Phys.
Rev. B 86, 020408.
[54] Jehl, X., Sanquer, M., Calemczuk, R. and Mailly, D.
(2000) Detection of doubled shot noise in short normal-
metal/superconductor junctions. Nature 405, 50-53.
[55] Sela, E., Oreg, Y., von Oppen, F. and Koch, J. (2006)
Fractional shot noise in the Kondo regime. Phys. Rev.
Lett. 97, 086601.
[56] Golub, A. (2006) Shot noise near the unitary limit of a
Kondo quantum dot. Phys. Rev. B 73, 233310.
[57] Gogolin, A. O. and Komnik, A. (2006) Full counting
statistics for the Kondo dot in the unitary limit. Phys.
Rev. Lett. 97, 016602.
[58] Mora, C., Leyronas, X. and Regnault, N. (2008) Current
noise through a Kondo quantum dot in a SU(N) Fermi
liquid state. Phys. Rev. Lett. 100, 036604.
[59] Mora, C., Vitushinsky, P., Leyronas, X., Clerk, A. A. and
Le Hur, K. (2009) Theory of nonequilibrium transport in
theSU(N)Kondo regime. Phys. Rev. B 80, 155322.
[60] Sakano, R., Fujii, T. and Oguri, A. (2011) Kondo
crossover in shot noise of a single quantum dot with or-
bital degeneracy. Phys. Rev. B 83, 075440.
[61] Zarchin, O., Chung, Y. C., Heiblum, M., Rohrlich, D.
and Umansky, V. (2007) Electron bunching in transport
through quantum dots in a high magnetic field. Phys.
Rev. Lett. 98, 066801.
[62] Delattre, T., Feuillet-Palma, C., Herrmann, L. G.,
Morfin, P., Berroir, J. M., Fe`ve, G., Plac¸ais, B., Glat-
tli, D. C., Choi, M. S., Mora, C. and Kontos, T. (2009)
Noisy Kondo impurities. Nature Phys. 5, 208-212.
[63] Kawabata, S. (2001) Test of Bell’s Inequality using the
Spin Filter Effect in Ferromagnetic Semiconductor Mi-
crostructures. J. Phys. Soc. Jpn. 70, 1210-1213.
[64] Beenakker, C. W., Emary, C., Kindermann, M. and van
Velsen, J. L. (2003) Proposal for production and detec-
tion of entangled electron-hole pairs in a degenerate elec-
15
tron gas. Phys. Rev. Lett. 91, 147901.
[65] Samuelsson, P., Sukhorukov, E. V. and Bu¨ttiker, M.
(2004) Two-particle Aharonov-Bohm effect and entan-
glement in the electronic Hanbury Brown-Twiss setup.
Phys. Rev. Lett. 92, 026805.
[66] Neder, I., Ofek, N., Chung, Y., Heiblum, M., Mahalu, D.
and Umansky, V. (2007) Interference between two indis-
tinguishable electrons from independent sources. Nature
448, 333-337.
[67] Bocquillon, E., Freulon, V., Berroir, J. M., Degiovanni,
P., Plac¸ais, B., Cavanna, A., Jin, Y. and Fe`ve, G.
(2013) Coherence and indistinguishability of single elec-
trons emitted by independent sources. Science 339, 1054.
[68] Dubois, J., Jullien, T., Portier, F., Roche, P., Cavanna,
A., Jin, Y., Wegscheider, W., Roulleau, P. and Glattli, D.
C. (2013) Minimal-excitation states for electron quantum
optics using levitons. Nature 502, 659-663.
[69] Freulon, V., Marguerite, A., Berroir, J. M., Plac¸ais, B.,
Cavanna, A., Jin, Y. and Fe`ve, G. (2015) Hong-Ou-
Mandel experiment for temporal investigation of single-
electron fractionalization. Nature Comm. 6, 6854.
[70] Landauer, R. (1998) The noise is the signal. Nature 392,
658-659.
[71] Hashisaka, M., Yamauchi, Y., Nakamura, S., Kasai, S.,
Kobayashi, K. and Ono, T. (2008) Measurement for
quantum shot noise in a quantum point contact at low
temperatures. Journal of Physics: Conference Series 109,
012013.
[72] Hashisaka, M., Nakamura, S., Yamauchi, Y., Kasai, S.,
Kobayashi, K. and Ono, T. (2008) Development of a mea-
surement system for quantum shot noise at low temper-
atures. physica status solidi (c) 5, 182-185.
[73] Hashisaka, M., Yamauchi, Y., Chida, K., Nakamura, S.,
Kobayashi, K. and Ono, T. (2009) Noise measurement
system at electron temperature down to 20 mK with com-
binations of the low pass filters. Rev. Sci. Instrum. 80,
096105.
[74] Arakawa, T., Nishihara, Y., Maeda, M., Norimoto, S. and
Kobayashi, K. (2013) Cryogenic amplifier for shot noise
measurement at 20 mK. Appl. Phys. Lett. 103, 172104.
[75] Kumar, A., Saminadayar, L., Glattli, D. C., Jin, Y. and
Etienne, B. (1996) Experimental test of the quantum
shot noise reduction theory. Phys. Rev. Lett. 76, 2778-
2781.
[76] Sampietro, M., Fasoli, L. and Ferrari, G. (1999) Spec-
trum analyzer with noise reduction by cross-correlation
technique on two channels. Rev. Sci. Instrum. 70, 2520-
2525.
[77] DiCarlo, L., Zhang, Y., McClure, D. T., Marcus, C. M.,
Pfeiffer, L. N. and West, K. W. (2006) System for mea-
suring auto- and cross correlation of current noise at low
temperatures. Rev. Sci. Instrum. 77, 073906.
[78] Andrieux, D. and Gaspard, P. (2004) Fluctuation theo-
rem and Onsager reciprocity relations. J. Chem. Phys.
121, 6167-6174.
[79] Tobiska, J. and Nazarov, Y. V. (2005) Inelastic interac-
tion corrections and universal relations for full counting
statistics in a quantum contact. Phys. Rev. B 72, 235328.
[80] Esposito, M., Harbola, U. and Mukamel, S. (2007)
Fluctuation theorem for counting statistics in electron
transport through quantum junctions. Phys. Rev. B 75,
155316.
[81] Fo¨rster, Bu¨ttiker, M. (2008) Fluctuation relations with-
out microreversibility in nonlinear transport. Phys. Rev.
Lett. 101, 136805.
[82] Andrieux, D., Gaspard, P., Monnai, T. and Tasaki, S.
(2009) The fluctuation theorem for currents in open
quantum systems. New Journal of Physics 11, 043014.
[83] Esposito, M., Harbola, U. and Mukamel, S. (2009)
Nonequilibrium fluctuations, fluctuation theorems, and
counting statistics in quantum systems. Rev. Mod. Phys.
81, 1665-1702.
[84] Campisi, M., Talkner, P. and Ha¨nggi, P. (2010) Fluc-
tuation theorems for continuously monitored quantum
fluxes. Phys. Rev. Lett. 105, 140601.
[85] Altland, A., De Martino, A., Egger, R. and Narozhny,
B. (2010) Fluctuation relations and rare realizations of
transport observables. Phys. Rev. Lett. 105, 170601.
[86] Campisi, M., Ha¨nggi, P. and Talkner, P. (2011) Collo-
quium: Quantum fluctuation relations: Foundations and
applications. Rev. Mod. Phys. 83, 771-791.
[87] Leturcq, R., Sa´nchez, D., Go¨tz, G., Ihn, T., Ensslin, K.,
Driscoll, D. C. and Gossard, A. C. (2006) Magnetic field
symmetry and phase rigidity of the nonlinear conduc-
tance in a ring. Phys. Rev. Lett. 96, 126801.
[88] Yamauchi, Y., Hashisaka, M., Nakamura, S., Chida, K.,
Kasai, S., Ono, T., Leturcq, R., Ensslin, K., Driscoll, D.
C., Gossard, A. C. and Kobayashi, K. (2009) Universality
of bias- and temperature-induced dephasing in ballistic
electronic interferometers. Phys. Rev. B 79, 161306.
[89] Held, R., Vancura, T., Heinzel, T., Ensslin, K., Holland,
M. andWegscheider, W. (1998) In-plane gates and nanos-
tructures fabricated by direct oxidation of semiconductor
heterostructures with an atomic force microscope. Appl.
Phys. Lett. 73, 262-264.
[90] Lesovik, G. B. and Loosen, R. (1993) Negative excess
noise in quantum conductors. Zeitschrift fur Physik B
Condensed Matter 91, 531-536.
[91] Sa´nchez, D. and Bu¨ttiker, M. (2004) Magnetic-field
asymmetry of nonlinear mesoscopic transport. Phys. Rev.
Lett. 93, 106802.
[92] Spivak, B. and Zyuzin, A. (2004) Signature of the
electron-electron interaction in the magnetic-field depen-
dence of nonlinear I-V characteristics in mesoscopic sys-
tems. Phys. Rev. Lett. 93, 226801.
[93] Wei, J., Shimogawa, M., Wang, Z., Radu, I., Dormaier,
R. and Cobden, D. H. (2005) Magnetic-field asymmetry
of nonlinear transport in carbon nanotubes. Phys. Rev.
Lett. 95, 256601.
[94] Passing, H. and Bablok, W. (1983) A New Biometrical
Procedure for Testing the Equality of Measurements from
Two Different Analytical Methods. Application of linear
regression procedures for method comparison studies in
Clinical Chemistry, Part I. Clinical Chemistry and Lab-
oratory Medicine 21, 709.
[95] Takahasi, H. (1952) Generalized Theory of Thermal Fluc-
tuations. J. Phys. Soc. Jpn. 7, 439-446.
[96] Toyabe, S., Sagawa, T., Ueda, M., Muneyuki, E.
and Sano, M. (2010) Experimental demonstration of
information-to-energy conversion and validation of the
generalized Jarzynski equality. Nature Phys. 6, 988-992.
[97] Koski, J. V., Kutvonen, A., Khaymovich, I. M., Ala-
Nissila, T. and Pekola, J. P. (2015) On-Chip Maxwell’s
Demon as an Information-Powered Refrigerator. Phys.
Rev. Lett. 115, 260602.
[98] Parrondo, J. M. R., Horowitz, J. M. and Sagawa, T.
(2015) Thermodynamics of information. Nature Phys.
11, 131-139.
